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Introduction {#sec001}
============

The genetic modification of algae potentially offers an important approach to improve aqua- and agricultural applications, food quality and human health \[[@pone.0120780.ref001]\]. Generally, all transformation protocols for generating transgenic organisms require marker genes to identify and isolate transformed algae and may be classified as follows: (*i*) auxotrophic markers, such as *Nit1* \[[@pone.0120780.ref002]\] and *Arg7* \[[@pone.0120780.ref003]\], which require a corresponding normal gene to rescue the microalgae mutants and keep them alive on conditional medium; (*ii*) selection marker genes, such as *CRY1*, *Ble*, *NptII* and *AphVIII* \[[@pone.0120780.ref004]--[@pone.0120780.ref007]\], which are commonly used to select microalgal transformed cells by conferring genes resistant to antibiotics or herbicides and allowing, in turn, host cells to survive in medium containing antibiotics or herbicides; and (*iii*) reporter genes, which do not exert selective pressure on transformed cells \[[@pone.0120780.ref008]\], such as genes encoding fluorescence proteins \[[@pone.0120780.ref009], [@pone.0120780.ref010]\] or bioluminescent proteins \[[@pone.0120780.ref011]\].

Most selective marker genes have some disadvantages. In the case of auxotrophic selection markers, it is argued that auxotrophic mutant strains are required, making this marker suitable for only haploid genome algae \[[@pone.0120780.ref012]\]. With fluorescent proteins, the large distribution of chlorophyll and pigments in host microalgae might mask or otherwise impede the observation of fluorescent signals, resulting in poor identification of the transformed cells under fluorescence microscopy. Additionally, fluorescent instrumentation is a requirement for observation of these markers. Antibiotic and herbicide selection markers are restricted because many algae have natural resistance to most antibiotics or herbicides \[[@pone.0120780.ref013]\]. Moreover, many marine algae grow in highly saline conditions, which reduce the activity of antibiotics \[[@pone.0120780.ref014]\]. In fact, marker genes applied in genetically modified organisms (GMO) have raised public concern over environmental and food safety. The European Parliament and Council of the European Union have declared that release of transgenic organisms into the environment is conditional on the removal of antibiotics-resistant genes for biomedical and/or agricultural applications in view of potential adverse effects on human health and the environment. As a result, biosafety seems to preclude the use of antibiotics- and herbicides-resistant genes as marker genes for screening transgenic algae. Over the years, a variety of marker excision methods have been developed \[[@pone.0120780.ref015]--[@pone.0120780.ref017]\]. For example, direct-repeat-mediated excision via homologous recombination \[[@pone.0120780.ref018]\], co-transformation \[[@pone.0120780.ref019]\] and site-specific recombination (SSR), such as *Cre*/*lox* \[[@pone.0120780.ref020]\], *FLP*/*FRT* \[[@pone.0120780.ref021]\] and *R*/*RS* systems \[[@pone.0120780.ref022]\], have been developed to produce marker-free transgenic algae and other plants \[[@pone.0120780.ref023]--[@pone.0120780.ref026]\]. However, some drawbacks have been reported that limit the application of these marker excision methods. For example, transformation lines generated from site-specific recombination (SSR) are genetically unstable, making it difficult to control the production of marker-free transplastomic clones \[[@pone.0120780.ref027], [@pone.0120780.ref028]\]. SSR is applicable only to sexually propagated plants, and it is a time-consuming process \[[@pone.0120780.ref016], [@pone.0120780.ref026], [@pone.0120780.ref029]\]. Moreover, the *Cre*/*lox* recombination system requires retransformation treatment which is both labor-intensive and time-consuming \[[@pone.0120780.ref020], [@pone.0120780.ref030]\], and the expression of recombinase genes for prolonged periods in plant cells might cause abnormalities in transgenic plants \[[@pone.0120780.ref016], [@pone.0120780.ref029], [@pone.0120780.ref031]\]. Finally, Kilian et al. \[[@pone.0120780.ref032]\] knocked out the endogenous nitrate or nitrite reductase gene by inserting the desired transgene, allowing transgenic cells to be screened on nitrite-containing medium. Although this approach solves some disadvantages of using antibiotics- and herbicides-resistant genes, developing an alternative selection marker that is a simple, rapid and ecologically safe is still necessary.

We previously isolated a cDNA fragment encoding a novel GFP-like chromoprotein from the carpet anemone *Stichodactyla haddoni*, termed shCP \[[@pone.0120780.ref033]\]. The shCP protein consists of 227 amino acid residues, sharing 96% identity with the GFP-like chromoprotein of *Hecteractis crispa*. This protein possesses a maximum absorption wavelength peak (λ~max~) at 574 nm, resulting in a purple color. Microalgae are photosynthetic microorganisms, and some species have been utilized in aquaculture as essential nutritional feed for the production of farmed organisms and other commercially important aquaculture species \[[@pone.0120780.ref034]\]. *Nannochloropsis oculata* is the most frequently used microalga in aquaculture applications \[[@pone.0120780.ref035]--[@pone.0120780.ref038]\]. *N*. *oculata* is an ovoid-shaped marine unicellular microalga that grows in a wide range of conditions that vary by pH, temperature and salinity. It also possesses a high rate of biomass production and a high content of unsaturated fatty acids \[[@pone.0120780.ref035]\], which are associated with health benefits \[[@pone.0120780.ref039]\]. Furthermore, *N*. *oculata* becomes a potentially attractive bioreactor for biofuel production and live feed for fish and shellfish larvae \[[@pone.0120780.ref040]\]. In this study, we demonstrated that this cDNA fragment encoding the purple chromoprotein shCP is an effective and an ecologically friendly selection marker gene for the transformed *N*. *oculata*, enabling the identification and isolation of transgenic microalgae by direct visual detection without the necessity of either auxotrophic mutants or complicated fluorescence equipment.

Results {#sec002}
=======

Screening of stable transformants of *N*. *oculata* using purple chromoprotein as a selective marker {#sec003}
----------------------------------------------------------------------------------------------------

As depicted in [Fig. 1](#pone.0120780.g001){ref-type="fig"}, the expression plasmid we constructed and used in this study contains a shCP cDNA driven by *HSP70A*::*RBCS2* promoter that can be induced by light and heat shock \[[@pone.0120780.ref041], [@pone.0120780.ref042]\]. This construct was linearized and electroporated into wild-type *N*. *oculata* protoplast cells. After cultivation of all treated algal cells (2.5 × 10^8^ cells) for two weeks on an f/2 medium plate, 94 colonies were grown ([S1A Fig.](#pone.0120780.s002){ref-type="supplementary-material"}). Many colonies exhibited a green color, but we observed 26 colonies that displayed a slightly dark green coloration ([S1B Fig.](#pone.0120780.s002){ref-type="supplementary-material"}). Each one of these 26 colonies was individually subcultured and selected for further heat-shock treatment. Finally, after 5 hours of heat shock at 42°C, a dark brown color was observed in five of these transformants, which were named CP5, CP10, CP15, CP19 and CP23 ([Fig. 2A and 2B](#pone.0120780.g002){ref-type="fig"}). However, instead of a uniform expression of shCP throughout the whole colony, we noticed only a dark brown color mosaically displayed in each colony, indicating that both untransformed and transformed cells were mixed together in each colony. Therefore, to avoid the contamination of untransformed wild-type cells on the f/2 medium plate, we directly and continuously isolated each transformed cell and subcultured it on a fresh plate. As a result, the five strains of phr-shCP-transferred microalgae noted above were successfully maintained as independent transgenic lines that displayed a uniformly dark brown color throughout the whole colony ([Fig. 2B](#pone.0120780.g002){ref-type="fig"}). After continuous subculture with several rounds of replating, we generated two pure transgenic lines, CP10 and CP15, which could express the shCP gene up to at least the twenty-first round of replating ([Fig. 2B](#pone.0120780.g002){ref-type="fig"}; [Table 1](#pone.0120780.t001){ref-type="table"}), indicating that the foreign shCP gene could be stably transformed in these two transgenic lines for at least 22 months. In contrast, three transformants, including CP5, CP19 and CP23, failed to continuously express the shCP gene since those transformed cells eventually turned green, similar to the wild-type microalgae, when they were subcultured up to the second, sixth and fourth rounds of replating, respectively ([Fig. 2B](#pone.0120780.g002){ref-type="fig"}; [Table 1](#pone.0120780.t001){ref-type="table"}), indicating that the exogenous DNA in these lines might have been transient during subculture.

![Plasmid constructs used to generate the transgenic lines of *N*. *oculata*.\
Plasmid phr-shCP, in which the coding region of the purple chromoprotein (CP) cDNA (purple bar) of *Stichodactyla haddoni* (shCP) is driven by inducible heat-shock promoter and Rubisco promoter (P~hs-rub~). Primer sets used to determine the existence of transferred gene in microalgae cells are shown.](pone.0120780.g001){#pone.0120780.g001}

![Using purple chromoprotein to screen and isolate the transformed colonies containing the exogenous shCP gene.\
(A) After electroporation with plasmid phr-shCP, 26 colonies of *N*. *oculata* were grown on f/2 medium plates for two weeks, followed by heat shock at 42°C for 5 hr. Dark brown color presented by reporter chromoprotein was observed in some cells within each colony, as indicated by the red arrow. The wild-type colony served as a negative control. (B) The putative transformants of *N*. *oculata* were purified and subcultured to the second round of replating (G2), the third round of replating (G3) and so on during each of the next 22 months. In contrast to the green color presented in the wild-type strain, a dark brown color was exhibited in the whole colony of transgenic strains, especially in transgenic lines CP10 and CP15. "HS" indicates that heat shock treatment was performed. "Transient" indicates that the foreign shCP gene could only be temporarily transformed and expressed in a few rounds of replating. "Stable" indicates that foreign protein could be continuously expressed beyond the 21^st^ round of replating.](pone.0120780.g002){#pone.0120780.g002}
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###### The long-term stability of transgenic lines harboring the exogenous phr-shCP DNA fragment in *N. oculata*.

![](pone.0120780.t001){#pone.0120780.t001g}

  Plasmid[^a^](#t001fn001){ref-type="table-fn"}   Transgenic line   Rounds of replating [^b^](#t001fn002){ref-type="table-fn"}   Cultivation period[^c^](#t001fn003){ref-type="table-fn"}   Stability [^d^](#t001fn004){ref-type="table-fn"}
  ----------------------------------------------- ----------------- ------------------------------------------------------------ ---------------------------------------------------------- --------------------------------------------------
  phr-shCP                                        CP5               21                                                           22 months                                                  Transient (until the 2^nd^ r.o.r.)
                                                  CP10              21                                                           22 months                                                  Stable
                                                  CP15              21                                                           22 months                                                  Stable
                                                  CP19              21                                                           22 months                                                  Transient (until the 6^th^ r.o.r.)
                                                  CP23              21                                                           22 months                                                  Transient (until the 4^th^ r.o.r.)

^a^ Genetic transformation with linearized plasmid phr-shCP.

^b^ r.o.r.: Rounds of replating indicate the number of months algal colonies were subcultured after initial selection.

^c^ The total incubation period after transformation.

^d^ The existence of exogenous phr-shCP in the transformants exhibiting a dark brown coloration after heat-shock treatment.

In order to confirm the reproducibility of this technology, we repeated the transformation experiment following the same conditions as described above. After electroporation, algal cells (2.5 × 10^8^ cells) were cultured on an f/2 medium plate for two weeks. A total of 384 colonies were grown on the plate ([S2A Fig.](#pone.0120780.s003){ref-type="supplementary-material"}). All but 15 colonies displayed a green coloration. These 15 colonies, which displayed a slightly dark green color, were individually picked up and subcultured on a fresh f/2 medium plate for two weeks ([S2B Fig.](#pone.0120780.s003){ref-type="supplementary-material"}). When they were cultured for one more week after heat-shock treatment, a dark brown coloration was displayed in ten transformants, termed CP^2nd^ 1, CP^2nd^ 4∼5 and CP^2nd^7∼14. Similar to the first experiment, the dark brown color was also mosaically displayed in each colony ([S3A Fig.](#pone.0120780.s004){ref-type="supplementary-material"}). However, after these ten colonies were continuously isolated and subcultured, a dark brown coloration was presented uniformly throughout the whole colony ([S3B Fig.](#pone.0120780.s004){ref-type="supplementary-material"}). Similar to transgenic lines CP10 and CP15 in the first experiment, these pure phr-shCP-transferred microalgal varieties were able to express the shCP gene up to the 15^th^ round of replating ([S3B Fig.](#pone.0120780.s004){ref-type="supplementary-material"}). The results obtained from these two independent experiments were summarized in [S1 Table](#pone.0120780.s006){ref-type="supplementary-material"}. This line of evidence suggested that the cDNA fragment encoding the purple chromoprotein shCP is a useful and convenient marker gene that allows differentiation between the pure and stable transformed clones, as indicated by the dark brown coloration, and the contaminated and transient transformed colonies, as indicated by partial dark brown or green coloration, using simple visual detection.

PCR detection of the transferred shCP gene {#sec004}
------------------------------------------

To confirm whether the exogenous shCP cDNA exists in host cells, genomic DNAs were isolated from the 26 subcultured strains of *N*. *oculata* which were grown on plates after gene transfer of phr-shCP. PCR detection showed that no DNA fragment had been amplified from the wild-type colony. On the other hand, out of 26 colonies, a 684-bp fragment was amplified from 24, with only CP25 and CP26 failing to yield PCR products ([Fig. 3](#pone.0120780.g003){ref-type="fig"}). However, as mentioned above, only five transformants, including CP5, CP10, CP15, CP19 and CP23, presented dark brown coloration, indicating that the exogenous shCP gene in some transformants might have been silenced, resulting in the absence of dark brown coloration, even though the shCP gene had been transferred. Based on the number of transformants expressing shCP, we calculated the expression rate of foreign shCP gene in this study to be around 20%, or five out of 24 PCR-positive colonies.

![Using PCR to detect of the existence of transferred gene in the transformed *N*. *oculata*.\
Plasmid phr-shCP was used to transform *N*. *oculata*. After transformation, all microalgae cells were cultured, and the putative clones were selected to determine the existence of shCP fragment in *N*. *oculata* transformed with phr-shCP at the expected size of 0.684 kb. The wild-type (WT) strain served as a negative control, whereas plasmid phr-shCP served as a positive control. The small subunit 18S ribosomal RNA (18s) served as the internal control.](pone.0120780.g003){#pone.0120780.g003}

Interestingly, when we used PCR to detect the genomic DNAs extracted from these five lines after they had been subcultured for 15 months, we found that a 684-bp DNA fragment was only amplified in the transformed cells from lines CP10 and CP15 whose dark brown coloration remained unchanged. However, after subculture for 15 months, no amplified DNA was detected in the transformed cells from lines CP5, CP19 and CP23 whose dark brown color had reverted to green by the loss of the shCP gene. Therefore, we concluded that the dark brown color appearing in the transformed cells from lines CP10 and CP15 resulted from the presence of the shCP protein encoded from the exogenous shCP gene, whereas the green color appearing in the transformed cells from lines CP5, CP19 and CP23 resulted from the absence of the shCP protein for an unknown reason. In the second transformation experiment detailed above, the 15 colonies that displayed a slightly dark green coloration after subculture tested positive for the shCP gene by PCR. PCR detection was also positive for the colonies from ten stable lines, CP^2nd^ 1, CP^2nd^ 4∼5 and CP^2nd^7∼14, when they were at the 5^th^ round of replating ([S4 Fig.](#pone.0120780.s005){ref-type="supplementary-material"}).

Dark brown coloration in the transformed cells {#sec005}
----------------------------------------------

To analyze the distribution of exogenous shCP protein in the transformants of *N*. *oculata*, we employed Stereo Investigator and Neurolucida Microscopy to observe the expression of exogenous shCP gene in the transformants. For comparison and confirmation of bright-field images, we observed a single cell of transformed algal strain and wild-type strain at higher magnification. Under this field magnified 2000 times, the image clearly revealed the difference of phenotype between the transformed cells and wild-type cells. The wild-type cells were green and displayed a round shape with diameter of 2--4 μm ([Fig. 4](#pone.0120780.g004){ref-type="fig"}, WT1-WT4). Similar to the wild type, the shape and size of transgenic cells remained unchanged ([Fig. 4](#pone.0120780.g004){ref-type="fig"}, Left column), but unlike the wild type, the dark brown coloration was clearly observed in the cells of transgenic strains harboring phr-shCP ([Fig. 4](#pone.0120780.g004){ref-type="fig"}, Left column). The appearance of exogenous purple chromoprotein encoded by the transferred shCP cDNA in the transformants overlapped with endogenous green chlorophyll and other antenna colors, causing a change in color to dark brown. We also observed that the exogenous shCP protein had largely accumulated in the cytosol. In contrast, the cells of the wild-type strain had no exogenous shCP gene and presented, instead, their original green coloration ([Fig. 4](#pone.0120780.g004){ref-type="fig"}, WT1-WT4). The color change in the transformed strains could be easily observed not only in cells, but also in colonies ([Fig. 2](#pone.0120780.g002){ref-type="fig"}), by the naked eye.

![Visualization of marker gene in the transformed strain by stereo investigator and neurolucida microscopy image.\
Visualization of transgenic cells (CP) and wild-type cells (WT) of microalgae by bright-field microscopy at higher (2,000 X) magnification. The shCP protein was expressed in transgenic lines containing plasmid phr-shCP. (Left column): purple chromoprotein that presented in the cytoplasm of transgenic cells was mixed with endogenous intercellular chlorophyll, resulting in dark brown color; (WT1-WT4): green color that presented in nontransgenic wild-type cells served as a negative control. Scale bars: 5 μm.](pone.0120780.g004){#pone.0120780.g004}

Western blot analysis of exogenous shCP protein in the transformed strains {#sec006}
--------------------------------------------------------------------------

To confirm expression of the recombinant shCP protein in the transgenic microalga, we extracted total soluble proteins from transgenic line CP10 and analyzed them by Western blot using polyclonal antibody against shCP protein. Similar to the recombinant shCP produced by *E*. *coli*, which served as a positive control ([Fig. 5](#pone.0120780.g005){ref-type="fig"}, lane 3), a positive hybridization band with approximate molecular weight of 26 kDa was detected in the proteins extracted from the algal cells of transgenic strain CP10 ([Fig. 5](#pone.0120780.g005){ref-type="fig"}, lane 2). However, no signal recognized by antibody against shCP was shown for the proteins extracted from wild-type algal cells ([Fig. 5](#pone.0120780.g005){ref-type="fig"}, lane 1). Even though total protein (60 μg) load on gel from wild-type exceeded that from transgenic strain CP10 (50 μg), as indicated by antibody against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) used as internal control, no detectable band was shown on the gel. This line of evidence suggested that the heterologous shCP protein was correctly expressed by transformed algal cells derived from the transgenic line CP10 of *N*. *oculata*.

![Detection of shCP protein encoded from plasmid phr-shCP in the transgenic line of *N*. *oculata*.\
The polyclonal antibody against shCP was used to perform immunoblot analysis of total soluble proteins extracted from wild-type (WT) algal cells (60 μg), as well as transgenic algal cells of line CP10 (50 μg; transgenic phr-shCP). The recombinant protein shCP (His-tagged shCP; His-shCP) extracted from *E*. *coli* served as a positive control. The His-tagged shCP produced by *E*. *coli* and the non-His-tagged shCP produced by *N*. *oculata* were detected, as indicated by the arrow. Antibodies against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as an internal control.](pone.0120780.g005){#pone.0120780.g005}

Discussion {#sec007}
==========

We are the first to use the purple chromoprotein of sea anemone as a selection marker in microalgae transformation. This approach presents a viable alternative to the use of drug-resistant genes in plant transgenesis, including microalgae. In this study, based on phenotypic coloration, genetic analysis, and Western blot analysis, we proved that the purple chromoprotein gene can be directly expressed in *N*. *oculata*. This selection marker was, moreover, successfully used to isolate two transgenic lines stably harboring the shCP gene by the twenty-first round of replating. More importantly, we could identify the transformed cells directly and simply by visual observation, thereby helping researchers to screen stably transformed algal varieties.

Using chromoprotein gene for screening transgenic microalgae {#sec008}
------------------------------------------------------------

Kilian et al. \[[@pone.0120780.ref032]\] demonstrated the use of homologous recombination to substitute the endogenous gene encoding nitrate or nitrite reductase for the desired transgene, allowing transgenic cells to be screened on nitrite-containing medium. This selection strategy for screening transgenic algae is more advantageous than using such conventional approaches as antibiotic and herbicide markers, auxotrophic markers or reporters. However this screening method still requires the implementation of tedious procedures. For example, each colony must be transferred to the nitrite-only medium, and the endogenous gene must be destroyed. In this study, we used the purple chromoprotein shCP isolated from *S*. *haddoni* as an excellent alternative method of screening for the transgenic oil-producing alga *Nannochloropsis* sp. The results can be readily visualized by the naked eye without the need for a special medium to maintain selective pressure or the need for special equipment to observe the fluorescent reporter. Moreover, endogenous genes of transformants are left intact without being inserted by the foreign DNA fragment.

Compared to the efficiency observed with transformed intact *N*. *gaditana* (12.5×10^--6^) and *Nannochloropsis sp*. (∼2500 transformants/μg DNA \[[@pone.0120780.ref032], [@pone.0120780.ref043]\]) the transformation efficiency of this study is lower. Since we used pepsin at a working pH of 2.0 to remove the cell wall of *N*. *oculata*, the cells without cell wall protection could be easily damaged or lethal by environmental cue, including physical shearing, osmosis and pH \[[@pone.0120780.ref044]--[@pone.0120780.ref046]\]. Therefore, out of 2.5×10^8^ cells, only a few hundred cells are ultimately capable of growing on plates after a two-week culture. Nonetheless, a hundred putative cells provide a sufficient number for screening out the transformed cells. Otherwise, screening would be complicated by the high numbers of surviving cells able to grow on nonselective plates. In our case, for each transformation of *N*. *oculata* protoplasts, more than 10 transgenic colonies were obtained after cultivation. Therefore, these numbers, along with the reduction in false-positive clones, make this process easy to apply for any reasonably equipped lab without any extensive labor or screening requirements.

Low possibility of false-positive occurrence using shCP selection marker gene {#sec009}
-----------------------------------------------------------------------------

Chen and Melis \[[@pone.0120780.ref047]\] reported the occurrence of false-positive clones after transformation by the high frequency of rRNA mutation in cases where antibiotics-resistant genes were used as selection markers to screen algae during transformation. This method reduces selection efficiency and increases the cost and labor involved in discarding nontransformants. Moreover, Day and Goldschmidt-Clermont \[[@pone.0120780.ref017]\] reported on the use of antibiotics- or herbicide-resistant genes as selection markers. They found that the antibiotics or herbicide in the medium surrounding transformants could become less concentrated, thereby affording protection to neighboring nontransformed plastids and cells and, hence, allowing the opportunity for unfettered growth. However, by using the shCP gene in the present work, we found that 24 out of 26 clones displaying dark brown color were PCR-positive for the transferred DNA fragment, resulting in less than 10% false-positive transformants. Therefore, we concluded that using this shCP marker gene could greatly reduce the possibility of obtaining false-positive clones in microalgae transgenesis.

Genomic transformation of transgenic microalgae {#sec010}
-----------------------------------------------

According to Bhattacharya et al. \[[@pone.0120780.ref048]\], the hub of genetic activity occurs in the cell nucleus; thus, nuclear transformation has been the gold standard. On the other hand, Heifetz \[[@pone.0120780.ref049]\] stated that organelle transformation, which, for example, might involve plant chloroplasts, is characterized by the predictability of transgene expression and the absence of gene silencing, making it particularly useful for increasing plant production or introducing desirable traits. However, the genomic DNA extraction procedure used in our study, as described by Dawson et al. \[[@pone.0120780.ref050]\], does not distinguish among nucleus, plastids and mitochondrial DNAs. Accordingly, the transformed cells we obtained could represent either nuclear or organellar genome transformation. Thus, the dynamic phenotypes observed in the transformed cells could have resulted from the transformation of the organellar genomes, as represented by colonies that showed mosaic-like patterns with varying color intensities, indicating either gain or loss of transformed gene in consecutive generations. To confirm whether transformed microalgae obtained in our study were the product of nuclear or organellar genome transformation, we would need to further analyze the flanking sequences from the insertion site of the transformed gene.

shCP is a simple, economical and safe selection marker gene for transgenic microalgae {#sec011}
-------------------------------------------------------------------------------------

In this study, the shCP cDNA-encoded purple chromophore protein shCP was used to identify microalgae transformants by simple visual detection of clones that present a dark brown color, eliminating the need for fluorescent microscopy equipment. Moreover, shCP cDNA is a safe selection marker gene since antibiotics, herbicides and drug-resistant chemicals are not needed to distinguish the transformed cells. Instead, the safety of shCP protein encoded by shCP cDNA for commercial use is ensured because it originates from marine anemones, which are edible and biodegradable proteins. Thus, the use of a chromophore as a selection marker appears to work well in haploid cells such as *N*. *oculata*. However, it should further study whether chromophores may work as well in diploid organisms or organelles having multiple copies of the genome.

Enhanced expression of shCP marker gene in transgenic *N*. *oculata* {#sec012}
--------------------------------------------------------------------

It has been reported that optimizing the codon usage of transferred genes before gene transfer can improve foreign protein expression and reduce exogenous gene silencing \[[@pone.0120780.ref051]\]. Several software programs have been developed to estimate the Codon Adaptation Index (CAI), which is used as a quantitative tool to predict foreign gene expression based on codon usage among different organisms. The CAI value ranges from 0 to 1, where the higher score represents the greater expression of foreign gene, and the lower score represents the reverse. In this study, we isolated the shCP gene from the sea anemone *S*. *haddoni* and transferred it into the microalga *N*. *oculata*. Although both anemone and microalga are eukaryotes, they have their own codon preference. When we used E-CAI (<http://genomes.urv.es/CAIcal/E-CAI>) software to calculate the CAI value of the shCP gene, it was found to be 0.256. This value is defined as a low translation level, indicating that the shCP gene may not yield efficient expression in microalgae. Nevertheless, as shown in [Fig. 2](#pone.0120780.g002){ref-type="fig"}, the expression of exogenous shCP gene in transgenic lines CP5, CP10, CP15, CP19 and CP24 is clear enough to be visible to the naked eye as a dark brown color. Still, we do not rule out the possibility that the expression level of shCP in some colonies might be too low to be recognized as transformed clones. To solve this problem, we can optimize the shCP exogenous gene sequence to adjust for codons frequently used by microalgae. We hypothesize that the use of such modified shCP gene might effectively increase expression intensity, thereby causing enhanced coloration of shCP in transgenic microalgae and, hence, solving the problem described above.

Materials and Methods {#sec013}
=====================

Plasmid construction {#sec014}
--------------------

Plasmid pET-15b-shCP, which was first constructed by Chiang et al. \[[@pone.0120780.ref033]\], served as a template to amplify shCP sequence by using sense primer 5'-GCTAGCCGCCACCATGGCCGGTTTGTTGAAA-3' (a *Nhe*I cutting site and a 7-bp Kozak sequence are included) and antisense primer 5'-GAATTCTCAATTTGCTTTTTCAGGAAGATCACTGTA-3' (an *Eco*RI cutting site is included). The PCR reaction was performed under the following conditions: 1 cycle of denaturation at 94°C for 5 min, 25 cycles of denaturation at 94°C for 30 sec and annealing at 58°C for 30 sec and extension at 72°C for 45 sec, followed by 1 cycle of final extension at 72°C for 5 min. The resultant 703-bp shCP PCR product, which was extracted from a 1.5% agarose gel after electrophoresis, was cloned into plasmid pGEM-T easy. The resultant plasmid was digested with *Nhe*I and *Eco*RI to obtain the shCP fragment. The shCP fragment was then inserted into plasmid phr-LFB-DsRed \[[@pone.0120780.ref010]\]. This expression vector was driven by an algae inducible promoter, *HSP70A* plus *RBCS2*, which was obtained by cutting *Nhe*I and *Eco*RV from pCB740 vector, an artificial promoter from *C*. *reinhardtii* which can improve transgene expression in algae \[[@pone.0120780.ref052]\]. After the phr-LFB-DsRed vector was digested with *Nhe*I and *EcoR*I, an inducible promoter, HSP70A::RBCS2, and backbone were preserved, but the DsRed fragment was removed. The final expression plasmid, phr-shCP, was generated. This plasmid was linearized by *Sac*II for transformation.

Culture conditions of *N*. *oculata* NIES-2146 {#sec015}
----------------------------------------------

*N*. *oculata* NIES-2146 were obtained from the National Institute for Environmental Studies. The cells were cultured in f/2 medium under continuous light with a photon flux density of 85 μmol photons m^−2^ s^−1^ at 28°C. Agar plates were prepared with 0.8% agar (Sigma) in f/2 medium \[[@pone.0120780.ref053]\] with seawater and maintained at the same light intensity at 26°C.

Protoplast preparation {#sec016}
----------------------

The procedure to produce *N*. *oculata* protoplasts was followed by Li and Tsai \[[@pone.0120780.ref010]\] with some modification. To prepare protoplasts, *N*. *oculata* cells were grown in f/2 medium at mid-log phase (∼2 × 10^6^ cells/mL). Then 5 × 10^8^ cells were collected and the pellet was washed twice with 1 ml of sterilized seawater, followed by resuspension in 500 μL of synthetic gastric juice (pH 2.0) with 5% pepsin (Sigma) to digest microalgae cell walls \[[@pone.0120780.ref054]\] and, finally, incubation at 37°C for one hr in dark with gentle shaking. After treatment, cells were washed twice with 1 ml of sterilized seawater to terminate enzymatic activity. The pellet was washed once with 1 ml of electroporation buffer containing 0.08 mM KCl, 0.005 mM CaCl~2~, 0.01 mM HEPES, 0.2 mM Mannitol and 0.2 mM Sorbitol \[[@pone.0120780.ref055]\] and finally resuspended in 200 μL of electroporation buffer and chilled on ice for 10 min to prepare for electroporation.

Genetic transformation and selection of the transformed colonies {#sec017}
----------------------------------------------------------------

The transformation of *N*. *oculata* followed procedures previously described by Li and Tsai \[[@pone.0120780.ref010]\]. Briefly, all *N*. *oculata* protoplasts (5 × 10^8^ cells) in a volume of 200 μL were resuspended in the electroporation buffer. Half of them (2.5 × 10^8^ cells) were taken and added to 10 μg of linearized plasmid phr-shCP which was used for each electroporation within one hr. Electroporation was performed with an electroporator in a 1-mm cuvette (T820, BTX, USA). The electroporator was adjusted to 2,000V voltage, 25 μs pulse length, and 10 pulse time. After electroporation, cells were transferred to a 15 mL glass tube which contained 5 mL f/2 medium and incubated in low light overnight. Then, all cells (2.5 × 10^8^ cells) were plated on an f/2 agar plate for two weeks, followed by counting single algal cells exhibiting green or slightly dark green coloration. Those algal cells that displayed a slightly dark green color were individually selected, given a name and continuously subcultured on a fresh f/2 agar plate for two successive weeks. They were then treated with heat-shock at 42°C for five hrs. After heat-shock treatment, colonies were cultured for one more week. Afterwards, cells that displayed a dark brown color were selected for further confirmation by DNA analysis. These steps were carried out twice under the same conditions.

Genomic DNA extraction {#sec018}
----------------------

The extraction of genomic DNA of *N*. *oculata* followed the description of \[[@pone.0120780.ref050]\] with modification. Briefly, 10 mL of cell culture (∼1 × 10^8^) were harvested and resuspended in 350 μL hexadecyltrimethylammonium bromide buffer by the following protocol. After the mixture was incubated at 65°C for 30 min, the lysate was mixed with 1 volume of phenol/chloroform and left to stand 5 min at room temperature, followed by centrifugation at 13,000 x g at 25°C for 10 min and extraction of aqueous layer to a new Eppendorf. Finally, the genomic DNA was precipitated by 1/10 volume of sodium acetate and 2 volumes of 99.5% ethanol in -20°C for at least 90 min, centrifuged at 13,000 x g at 4°C for 10 min, washed with 70% ethanol to remove salt, and centrifuged again at 13,000 x g at 4°C for 5 min. Finally, the pellet was dried for 3 min to remove additional ethanol and then resuspended in 25 μL of distilled deionized *water*.

PCR used to detect positive transformants {#sec019}
-----------------------------------------

The existence of plasmid phr-shCP in microalgae was determined by PCR analysis using genomic DNAs as templates to amplify the coding region of shCP cDNA when the forward primer 5'-ATGGCCGGTTTGTTGAAAGAAA-3' and the reverse primer 5'-TCAATTTGCTTTTTCAGGAAGATCA-3' were used. Each PCR consisted of 50 μL of solution containing 20 ng of template, 10 μmol of each primer, 25 mM of each dNTP, and 5 units of Taq enzyme in a 10 X PCR buffer (GenTaq, Taiwan). Amplification was performed with 35 cycles of denaturation at 94°C for 1 min, annealing at 62°C for 1 min, and extension at 72°C for 80 sec, followed by 7 min extension at 72°C. The PCR products were subjected to electrophoresis on a 0.8% agarose gel (MDBio, Taiwan).

Screening the putative transgenic *N*. *oculata* by stereological image microscopy {#sec020}
----------------------------------------------------------------------------------

The putative transgenic clones of microalgae were also observed by a stereological image system to visualize the transgenic clones containing phr-shCP. Images were captured with an Applied Precision Spectris optical sectioning microscope system equipped with a stereo investigator and neurolucida microscopy, an Olympus Plan Apo 1006 oil immersion objective, and Qimaging digital camera. Using stereological image software, the brightness and contrast were adjusted, setting the area outside of cells as background.

Western blot analysis of transgenic *N*. *oculata* {#sec021}
--------------------------------------------------

When transgenic line CP10 was subcultured at the 12^th^ round of replating, we picked up ten single colonies and cultured them separately on the plate. After cultivation for three weeks, algal cells were harvested from these ten separate single colonies, transferred into a 15 mL glass tube containing 5 mL f/2 medium, and continuously cultivated for three weeks without shaking. After that, all algal cells were inoculated into 50 mL of fresh f/2 medium and cultivated for another three weeks. Then, all algal cells were continuously enriched in 100 mL of fresh f/2 medium for one week. Finally, all algal cells were inoculated into 500 mL of fresh f/2 medium for three weeks. Total proteins were extracted from these cultured *N*. *oculata* using the protocol described by Mayfield and Schultz \[[@pone.0120780.ref056]\] with some modifications. Briefly, the microalgae were collected by centrifuging for 10 min at 8,000 x g at 4°C, and the pellet was resuspended in 100 μL of algal protein extraction buffer (750 mM Tris-HCl (pH 8.0), 15% sucrose (w/v), 100mM β-mercaptoethanol and 1 mM phenylmethylsulfonylfluoride). The cell suspension was transferred to a microtube and broken by glass beads (Sigma, USA) at 4°C for 1 min with a 1 min interval. This process was repeated seven times. Then, the supernatant was centrifuged for 10 min at 13,000 x g at 4°C. The amounts of total soluble proteins were quantified by the Bradford method (Bio-Rad, USA). Samples of 60 μg proteins from wild-type, 50 μg proteins from transgenic line CP10, and 0.1 μg of recombinant His-shCP were individually added into sample loading buffer (1 mM EDTA, 250 mM Tris--HCl (pH 6.8), 4% SDS, 2% β-mercaptoethanol, 0.2% bromophenol blue and 50% glycerol) in a volume one quarter that of the extraction buffer. Samples were boiled for 10 min. The supernatant was electrophoresed on a 12% SDS-PAGE. The proteins were transferred to a polyvinyl difluoride membrane (Millipore) which was blocked with Tris-buffered saline containing 10% skim milk and 0.1% Tween 20 for 1 h at room temperature, followed by immunoblotting with a rabbit polyclonal antibody against shCP (AbKing, Taiwan) with a dilution of 1:10,000 at 4°C overnight. Goat antibody against GAPDH (Santa Cruz, USA) with dilution of 1:2500 served as the internal control. After washing, membranes were incubated with a horseradish peroxidase conjugated goat anti-rabbit (1:5000, Santa Cruz, USA) and goat anti-mouse IgG secondary antibody (1:5000, Santa Cruz, USA) for 1 h, respectively. Bands recognized by antibodies were detected using enhanced chemiluminescent reagents (Advansta) and photographed with FUJIFILM medical X-Ray film. For positive control, the recombinant His-tagged shCP protein was produced by an *E*. *coli* system and purified by His GraviTrap (GE Healthcare).

Supporting Information {#sec022}
======================

###### Genetic Transformation and selection of *N. oculata*.

(DOCX)

###### 

Click here for additional data file.

###### Selection of the transformed *N. oculata*: the first trial.

After electroporation, a total of 2.5 x 10^8^ algal cells were cultured on f/2 medium plate for two weeks. (A) A total of 94 colonies were grown. Most of them exhibited a green coloration. However, 26 colonies displayed a slightly dark green color. (B) These 26 colonies were individually selected, given a name and continuously subcultured on a fresh f/2 medium plate. After two weeks of cultivation, each colony grew normally, and they were ready for further heat-shock treatment.

(DOCX)

###### 

Click here for additional data file.

###### Selection of the transformed *N. oculata*: the second trial.

After electroporation, a total of 2.5 x 10^8^ algal cells were cultured on f/2 medium plate for two weeks. A total of 384 colonies were grown. Most of them exhibited a green coloration. However, 15 colonies displayed a slightly dark green color. (B) These 15 colonies were individually selected, given a name and continuously subcultured on a fresh f/2 medium plate. After two weeks of cultivation, each colony grew normally, and they were ready for further heat-shock treatment.

(DOCX)

###### 

Click here for additional data file.

###### Using purple chromoprotein to screen and isolate the transformed colonies in the 2^nd^ trial.

\(A\) After electroporation with plasmid phr-shCP, 15 colonies of *N. oculata* were grown on f/2 medium plates for two weeks, followed by heat-shock at 42°C for 5 hr. After cultivation for one week, a dark brown coloration presented by reporter chromoprotein was observed in some cells in each colony, as indicated by red arrows. The wild-type colony served as a negative control. (B) The putative transformants of *N. oculata* were picked up and cultivated on the second round of replating (G2), the third round of replating (G3) and so on until the fifteenth round of replating (G15) within 17 months. In contrast to the green coloration presented in the wild-type strain after heat-shock treatment (HS), a dark brown coloration was exhibited in the whole colony of transgenic strains CP2^nd^ 1, CP2^nd^ 4∼5 and CP2^nd^7∼14. "Stable" indicates that foreign protein could be continuously expressed beyond the 15th round of replating.

(DOCX)

###### 

Click here for additional data file.

###### PCR detection of the transferred gene in the transformed cells obtained from the 2^nd^ trial.

Plasmid phr-shCP was used to transform *N. oculata*. After transformation, all microalgal cells were cultured, and the putative clones were selected to determine the existence of the shCP gene in *N. oculata*. The wild-type strain served as a negative control, whereas plasmid phr-shCP served as a positive control. The expected molecular size of phr-shCP after PCR amplification was 0.684 kb. The small subunit 18S ribosomal RNA (18s) served as the internal control.

(DOCX)

###### 

Click here for additional data file.

###### Transformation and selection of *N. oculata* harboring shCP marker.

(DOCX)

###### 

Click here for additional data file.

We thank the National Institute for Environmental Studies, Japan, for providing the *N*. *oculata* NIES 2146 strain. We also thank the Technology Commons, College of Life Science, NTU, for assistance with stereo investigator and neurolucida microscopy.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: C-HS H-JT. Performed the experiments: C-HS H-YC. Analyzed the data: C-HS H-CL H-JT. Contributed reagents/materials/analysis tools: H-JT. Wrote the paper: C-HS H-CL H-JT.
